neurosurgical focus
sion. 23, 36 Minimally invasive surgery (MIS) techniques for the spine purport, among other advantages, to preserve the posterior osseoligamentous structures, and may minimize destabilization while achieving adequate decompression of the neural elements.
2, 28, 30, 37, 39, 47, 54 Critics of MIS techniques note the possibility of inadequate decompression with some of these procedures. 51 The goal of this review was to evaluate the incidence of postlaminectomy instability among patients with LSS who were symptomatic with neurogenic claudication, and whose condition was managed by decompression without fusion. The objectives were to compare the relative incidences of this complication by surgical technique and also to assess whether the reported rates of instability were affected by study design.
illustrative case
A patient was referred to the senior author with symptomatic flexion-induced radicular leg pain and paraspinal muscle spasm following a posterior lumbar decompression for neurogenic claudication. This 45-year-old man presented 3 months after L4-5 laminectomy and discectomy for left L-5 radiculopathy, with positional bilateral claudicant symptoms and disabling mechanical back pain. 
methods
We conducted a systematic search in MEDLINE, EM-BASE, Scopus, Web of Science, and Google Scholar for literature published through May 2015, limiting the search results to human studies published in the English language. Search terms included "neurogenic claudication," "lumbar spinal stenosis," "decompression," "laminectomy," and "surgery," as well as derivatives therefrom. Reference lists of key articles were also systematically checked to identify additional eligible articles. The specific question asked focused on the incidence of postlaminectomy instability and whether it was variable by surgical technique, the presence of preoperative spondylolisthesis, and how instability was variably reported by retrospective and prospective studies. Case reports or case series that consisted of fewer than 10 patients were excluded. Other works that were excluded were animal, cadaveric, and biomechanical studies. Figure 2 summarizes this selection process.
Studies were included if a minimum mean follow-up of 12 months was achieved and reporting of pre-and postoperative sagittal lumbar alignment and reoperation rates was included. When multiple studies were found from the same cohort, only the report with the longer follow-up was included. Patients who were treated with fusion at the index operation were excluded from analysis.
data extraction
We extracted the following data from the included articles: study design, patient demographic information, diagnosis, and surgical procedure. From these studies, we also compiled the reported outcomes of new or progressive spondylolisthesis (radiographic findings), and of reoperation for postoperative instability (clinical findings). Furthermore, clinical outcomes extracted from the studies included those used by 3 or more studies: the Physical Function and Bodily Pain components of the 36-Item Short Form Health Survey, the Japanese Orthopaedic Association lumbar score, 26 the Oswestry Disability Index (ODI), and the visual analog scale for back and leg pain. Bias was assessed at the study level by using the Cochrane Risk of Bias tool, with each study thereafter assigned a grade of evidence reported in Table 1 alongside study characteristics.
data Analysis
Because of the variable mechanisms of neurological outcome reporting, clinical outcomes were described in a systematic review format, with pooled estimates for dichotomous outcomes where feasible. Summary statistics regarding overall reported complication rates of instability and reoperation for stabilization were generated by pooled estimates based on study size. Two-factor weighted nominal logistic regression analysis was performed to define the dependence of both radiographic translational listhesis and repeated spinal operation for stabilization on the 
results

study characteristics
The search strategy yielded 241 relevant citations, of which 198 were excluded based on title and/or abstract. Forty-three were selected for full-text review, of which 18 more were excluded due to lack of postoperative radiographic data in 11 studies, inclusion of only patients undergoing fusion in 6, or follow-up period less than 12 months in 1. Twenty-five papers were considered appropriate, of which 2 publications reported on differing follow-ups of the same cohort, 33, 49 so only the study with the longer follow-up was included. The flow of this process defining the final 24 studies is shown in Fig. 2 , and the fundamental characteristics are shown in Table 1 .
Fifteen of the studies were conducted prospectively 1,5-8, 15, 16, 21, 32, 33, 35, 37, 46, 47, 52 and 9 were conducted retrospectively. 10, 14, 19, 20, 27, [38] [39] [40] [41] Postoperative instability was defined variably across studies, including increase in sagittal translation between flexion-extension radiographs by 2 mm, 1,8,14 3 mm, 16 5 mm, 47 5%, 21 or 8%, 19 or an increase in sagittal angulation by more than 15° between flexion and extension. 41 Reoperation rates were considered positive if the procedure was explicitly cited to be a fusion for instability, although studies rarely stated the specific indication motivating such fusion. Furthermore, reoperation for residual stenosis was not consistently reported across the studies reviewed herein. Table 2 summarizes the pooled characteristics of all the study patients. The mean patient age was 65.7 years, and 51% were male. The radiographic pattern was reportedly stenosis only in 42% of cases, stenosis and spondylolisthesis in 11% of cases, and the remainder was not defined between the two. Following surgical intervention, the mean follow-up across all studies was 43.5 months; 37.1 months for prospective studies and 54.1 months for retrospective studies.
patient characteristics
clinical outcomes
Pooled clinical outcomes are summarized in Table 3 . More than 50% improvement after surgery was seen in all metrics across the total cohort. Patients with stenosis exhibited greater improvement in ODI scores than those with both stenosis and spondylolisthesis, although both groups reached the minimum clinically important difference for improvement. Outcomes between open laminectomy and minimally invasive procedures were similar across all outcome measures. Table 4 delineates the radiographic outcome of progressive deformity and the incidence of reoperation. The overall incidence of new or increased postoperative spondylolisthesis was 5.5%, with a reoperation rate for instability of 1.8%, roughly one-third of patients in whom radiographic slip was detected. The radiographic progression was seen nearly twice as frequently in patients with preoperative Grade I-II spondylolisthesis compared with those having stenosis alone.
radiographic progression and reoperation
Retrospective studies reported the incidence of radiographic progression at 6.8% compared with 6.5% for prospective studies. There was a higher incidence of progression among patients with preexisting spondylolisthesis (17%) versus stenosis alone (5.3%, p < 0.001) and among patients in whom open decompression was performed (13%) compared with minimally invasive decompression (3.2%, p < 0.001). Reoperation rates were likewise similar between retrospective (1.2%) and prospective (2.3%) studies. There was a higher incidence of reoperation among patients with preexisting spondylolisthesis (8.9%) versus stenosis alone (1.1%, p < 0.001) and among patients in whom open decompression was performed (11%) compared with a minimally invasive decompression (0.7%, p < 0.001).
discussion
Lumbar spinal stenosis is predominantly a disease of the elderly, and the most common indication for spine surgery in patients older than 65 years.
9 Surgical decompression for symptomatic disease has been shown to improve quality-of-life outcomes in multiple randomized and nonrandomized trials; 3,34,50 however, there remains no consensus on the optimal surgical technique. In the US alone there is significant regional variation in technique, specifically whether to perform an arthrodesis. 48 Despite relative stability of the overall number of operations performed, there is a nationwide trend in the US increasingly toward complex fusion, which is associated with 2-3 times the upfront cost and often higher subsequent reoperation rates than decompression alone.
12,13,29 Reflective of the lack of consensus, surgeon preference often outweighs patient clinical and radiographic factors as the primary determinant for whether fusion is performed. 22, 25 Postoperative instability after lumbar decompression remains one of the primary motivators of arthrodesis performed during the index procedure, or in reoperations after decompression. 23 The incidence of postdecompression instability varies widely in the literature, ranging from 0% to 63%, 1,14 due partly to the lack of standardized radiographic criteria. 53 In our review alone, 10 of 24 studies reported incidences of postoperative instability without specifying its definition; the remaining studies varied widely in their stated criteria. Patient heterogeneity also contributes to the variability in postoperative instability. Multiple observational studies have combined patients with and without preexisting degenerative spondylolisthesis, although the influence of preexisting spondylolisthesis on subsequent instability remains debatable. 16 Biomechanical work has demonstrated increased segmental mobility following disruption of the posterior osseoligamentous structures in bilateral laminectomy. 17, 45 Several MIS procedures intended to preserve the posterior tension band have been developed over the past 2 decades. The few existing studies directly comparing an MIS technique to open laminectomy have demonstrated superiority in pain and functional status, along with reduced blood loss, length of hospital stay, and cost, at relatively short fol- Flex/ext = flexion/extension; FU = follow-up; NR = not reported; pts = patients. * Grade-i.e., quality of evidence-is stated; the initial quality assessment and any modifiers are stated in parentheses. low-up intervals. 15, 46, 47, 52 Our review suggests no significant differences in clinical outcomes between MIS techniques and open laminectomy, although postoperative instability and reoperation rates were consistently reported to be lower for the less invasive techniques. What remains unclear is whether MIS approaches are associated with higher rates of reoperation for residual stenosis that was not adequately addressed in the indexed operation. Regrettably, the studies included in this analysis do not address acutely residual stenosis and cannot answer the question of surgical quality beyond the equivalence of reported clinical outcomes.
No significant differences in postoperative instability or reoperation rate were found between studies conducted prospectively or retrospectively in our review. Retrospective studies had a longer mean follow-up duration of 54.1 months, relative to 37.1 months for prospective studies, during which additional reoperative cases might be expected. However, the quality of follow-up in these retrospective series was often poor, with postoperative radiographs usually performed only in symptomatic patients. Because randomized controlled trials are also difficult with a heterogeneous patient group, studies of large, population-based, prospectively observed cohorts are required to identify significant predictors of radiographic and clinical outcomes in the neurogenic claudication population. 29 
study limitations
This is a narrative review of retrospective and prospective clinical studies, in which the patient management was nonrandomized, subject to surgeon assessment of patient candidacy for secondary surgical intervention, and with unpredictable recording of complications. It is nevertheless reassuring that many of the complication rates for these studies are in line with magnitudes observed in reported national databases. The cost burden of this complication has not been rigorously addressed by any of the reviewed literature, and should be included in future prospective work so that both the patient outcome and economic burden are understood in the context of lumbar decompressive surgery. In parallel, though, the potential for postlaminectomy instability must be ruled in or out in the workup of every patient who has persistent postoperative pain following structurally decompressive spinal surgery before the diagnosis of failed back surgery syndrome or persistent postoperative neuropathic pain can be assigned.
conclusions
Iatrogenic instability following decompression for symp tomatic LSS occurs in 5%-6% of patients. Interestingly, the rates reported have been consistent between both prospective and retrospective studies. Patients with preoperative spondylolisthesis undergoing decompression are nearly 10 times more likely to undergo a subsequent additional stabilization procedure than their stenosis-only counterparts. Minimally invasive surgical procedures may help protect patients from this complication, although more prospective studies with longer follow-up durations are necessary to better define whether this theoretical benefit will be realized in the longer term. 
